Ni 60 Nb 20Àx Ta x Ti 15 Zr 5 (x ¼ 0, 5, 15 and 20 at%) glassy alloys with high thermal stability and high corrosion resistance have been synthesized by the melt spinning technique. The substitution of tantalum for a portion of niobium in the Ni 60 Nb 20 Ti 15 Zr 5 glassy alloy causes a significant increase in the supercooled liquid region (ÁT x ¼ T x À T g ) from 52 K at 0 at% Ta to 67 K at 20 at% Ta accompanied by an increase in T g and T x . The glassy alloys are spontaneously passivated in a wide passive region and at low passive current densities of the order of 10 À2 AÁm À2 in pH 2 H 2 SO 4 and pH 2 H 2 SO 4 + 500 ppm NaCl solutions at a high temperature of 353 K. On the other hand, in pH 2 H 2 SO 4 + 500 ppm NaF solution at 353 K, the alloys without Ta and with 5 at% Ta suffer general corrosion, while the passive current densities decrease by about two orders of magnitude with the addition of 15-20 at% Ta to the Ni-Nb-Ti-Zr glassy alloy. It indicates that the effect of the addition of tantalum is more pronounced for improving the corrosion resistance in fluoride containing solutions than the other two types of solutions.
Introduction
The glassy alloys with a large supercooled liquid region have attracted a lot of attention in recent years, because they offer a typical advantage of processing them superplastically in supercooled liquid region. As a result, they can be fabricated into intricate shapes with a high level of dimensional accuracy. To date a large number of glassy alloys have been investigated including La-, 1) Mg-, 2) Zr-, 3, 4) Ti-, 5) Fe-, 6) Pd-Cu-, 7) Pd-Fe-, 8) Co-, 9) Ni- 10) and Cu- [11] [12] [13] based alloys. Due to the absence of grain boundary structure, these alloys present unique mechanical and electrochemical properties unattainable for their crystalline counter parts. Because of easy availability and excellent properties presented by Fe-, Co-and Ni-based alloy systems in their crystalline form, search for glassy alloys based on these systems has always been of main concern to the researchers. Till the end of last century, all the Fe-, 6, 14) Co- 9) and Ni- 15, 16) based bulk glassy alloys contained metalloids because the presence of metalloids was considered necessary to get these alloys with a large supercooled liquid region and high glass-forming ability. However, the existence of metalloids in these alloys is detrimental to the mechanical properties, such as ductility. Recently, Cu-and Ni-based bulk glassy alloys consisting only of metal components have been produced by following Inoue's three empirical rules. [17] [18] [19] These Cu-based alloys [11] [12] [13] show tensile strengths of 2000-2500 MPa, while the tensile strength for Ni-based alloys 20, 21) 20) showing a high glass-forming ability and high thermal stability, has been cast into a maximum diameter of 2 mm by copper mold casting. The diameter for the glassy alloy can be increased to 3 mm by the simultaneous addition of Co and/or Cu to the alloy. 21) After the development of high strength Ni-based glassy alloys with a large supercooled liquid region, there is need to improve their corrosion resistance to make them acceptable for use on industrial level. Very recently, there have been some studies, 22, 23) in which the effect of different alloying elements on glass-forming ability as well as corrosion resistance has been investigated. Substitution of cobalt for some part of nickel in Ni-Nb(-Ta)-Ti-Zr system has been found to be useful for increasing the supercooled liquid region and glass formation while keeping high corrosion resistance. These alloys are spontaneously passivated in 1 N HCl and 1 N H 2 SO 4 solutions at room temperature and exhibit nearly similar corrosion behavior with and without cobalt. So far the studies on the corrosion resistance of these alloys have been restricted to their room temperature corrosion behavior. No studies have been made to find out their high temperature corrosion behavior. Considering the possibility of these alloys to replace the conventional graphite bipolar plates of fuel cells, high fabrication cost of which is pushing the automobile industry to seek for alternates, the corrosion behavior of these alloys at higher temperatures, particularly those existing in the fuel cells, must be known. The fuel cell environment can be simulated by an H 2 SO 4 solution with pH of 2 and containing a small amount of chloride or fluoride of the order of 500 ppm at a high temperature of 353 K. In the present work, the corrosion resistance of Ni 60 Nb 20 Ti 15 Zr 5 alloy has been studied in the above-mentioned environments. Since tantalum is well known as a high corrosion resistant metal, particularly, in oxidizing environments, effect of replacement of a portion of niobium with tantalum was also studied on the supercooled liquid region and corrosion resistance of the alloys in order to find alloys, with much improved properties, amenable for use in fuel cells as bipolar plates.
Experimental Procedures
Ingots of the master alloys with compositions of The structure of the melt-spun alloys was determined by X-ray diffraction using Cu-K radiation in -2 mode in the range of . The voltage and current for X-ray excitation were 35 kV and 15 mA, respectively. The thermal stability and supercooled liquid region were determined by differential scanning calorimetry (DSC) with a Seiko DSC6300U calorimeter at a heating rate of 0.67 K/s.
Corrosion behavior of the melt-spun glassy alloys in pH 2 H 2 SO 4 , pH 2 H 2 SO 4 + 500 ppm NaCl and pH 2 H 2 SO 4 + 500 ppm NaF solutions was evaluated by electrochemical measurements at a temperature of 353 K. Prior to the corrosion test, the ribbon specimens were mechanically polished in cyclohexane with silicon carbide papers up to 2000 grit. After the polishing, they were degreased in acetone, washed in distilled water, dried in air and used for electrochemical measurements. For electrochemical measurements, a platinum mesh electrode and a Ag/AgCl electrode were used as counter electrode and reference electrode, respectively. Potentiodynamic polarization curves were measured at a sweep rate of 40 mVÁmin À1 . The potential was swept from open-circuit potential to anodic direction. Before the potential sweep was started, each specimen was kept in solution for 20 min until the stabilization of opencircuit potential. All the patterns show a broad single peak at 2 % 42:5 degrees and no diffraction peak corresponding to a crystalline state is observed, suggesting that the alloys consist of a single phase glassy structure.
Results
In order to evaluate the effect of tantalum on the glass transition and thermal stability of the supercooled liquid region, DSC curves of the specimens were measured. The DSC curves of the melt-spun Ni 60 Nb 20Àx Ta x Ti 15 Zr 5 alloys are shown in Fig. 2 . In this figure T g and T x correspond to glass transition temperature and onset temperature of crystallization, respectively. All the alloys show a distinct glass transition, followed by a large supercooled liquid region prior to crystallization. The T g , T x and ÁT x are plotted against tantalum content in the alloys in Fig. 3 . The glass transition temperature (T g ) and crystallization temperature (T x ) increase with an increase in the tantalum content of the alloys. The alloy without tantalum shows a T g of 844 K, which rises to 904 K with the addition of 20 at% Ta. Similarly, T x increases from 896 K for the alloy without tantalum to 971 K for the alloy containing 20 at% Ta. At the same time, the supercooled liquid region (ÁT x ¼ T x À T g ) increases with an increase in tantalum content. Thus, the substitution of tantalum for niobium causes an extension of ÁT x from 52 K for Ni 60 Nb 20 Ti 15 Zr 5 to 67 K for Ni 60 Ta 20 Ti 15 Zr 5 . It can be concluded that the addition of tantalum to Ni-Nb-Ti-Zr alloys is effective for increasing the thermal stability of the supercooled liquid phase. A larger supercooled liquid region and a higher stability of the supercooled liquid phase are useful for the superplastic processing of these alloys in supercooled liquid state to produce, for example, bipolar plates for fuel cells. Figure 5 shows the potentiodynamic polarization curves for the same alloys in pH 2 H 2 SO 4 solution containing 500 ppm of NaCl at 353 K. Slight increase in passive current density is observed in the polarization curves of Ni 60 Nb 20Àx Ta x Ti 15 Zr 5 alloys after the addition of 500 ppm NaCl in the solution. All the Ni 60 Nb 20Àx Ta x Ti 15 Zr 5 alloys are spontaneously passivated and have a wide passive region. The alloys with tantalum content 15 at% and more show lower passive current densities than SUS316L stainless steel in all the potential scheme. No pitting corrosion due to the existence of chloride ions is observed during the anodic polarization up to 1.4 V vs. Ag/AgCl.
The potentiodynamic polarization curves in pH 2 H 2 SO 4 solution containing 500 ppm NaF are shown in Fig. 6 . The current density of SUS316L stainless steel is slightly increased. However, the alloy without tantalum exhibits a current density of 10 0 -10 1 AÁm À2 , which is even much higher than the active current density peak of SUS316L stainless steel. By addition of 5 at% Ta to the alloy, the corrosion resistance of the alloys increases, but is still low. It can be concluded that the alloys without Ta and with 5 at% Ta suffer general corrosion and exhibit very low corrosion resistance in fluoride containing solutions, though they show spontaneous passivation-like behavior. However, a significant improvement is observed when tantalum content is raised to about 15 at% and more, judging from a significant decrease in the 
Discussion
From the above results, we can see that Ni 60 Nb 20Àx -Ta x Ti 15 Zr 5 alloys show very high corrosion resistance in pH 2 H 2 SO 4 solutions. Even the introduction of chloride ions in the solution does not impair their high corrosion resistance. High corrosion resistance in pH 2 H 2 SO 4 solutions is due to the presence of highly corrosion resistant elements like niobium, titanium and tantalum in the alloys. Generally speaking, maintenance of high corrosion resistance after the addition of chloride ions can be attributed to the structural and compositional homogeneity of the alloys. Chloride ions can cause pitting of the surface passive film due to structural or compositional variations or defects on the surface and thus result in destroying the high corrosion resistance of the alloys. The single-phase glassy structure with uniform distribution of highly corrosion resistant elements in amounts considerably exceeding their solid solubility in Ni 60 Nb 20Àx -Ta x Ti 15 Zr 5 alloys is responsible for their high resistance to pitting corrosion in these solutions.
As shown in Fig. 6 , the corrosion resistance of the alloys with low tantalum contents decreases seriously when exposed to solutions containing fluoride ions. It is generally known that fluoride environments have more severe attack on metals as compared to chloride environments due to the high electron affinity of fluoride ions. The anodic current densities fall when the tantalum content is increased to 15-20 at%. The effect of tantalum in improving the corrosion resistance of the alloys is also evident from Figs. 4 and 5, although the effect is more prominent in the case of fluoride containing solutions. Therefore, tantalum is better than niobium in improving the corrosion resistance of the alloys. [24] [25] [26] [27] A similar effect of Ta in comparison with Nb has been observed by Kawashima et al. 24, 25) for corrosion resistance of Ni-Nb-Ta-P alloys in concentrated HCl solutions. Through XPS studies they revealed that niobium in low tantalum containing alloys failed to preserve a protective film against aggressive acidic environments after prolonged immersion time, while a highly protective film containing high concentration of tantalum was formed in high tantalum containing alloys which did not dissolve even after very long immersion time. A similar effect may be responsible for the high corrosion resistance of high tantalum containing alloys in the present study. However, the anodic current density of Ni-Nb-Ta-Ti-Zr alloy is still higher than that of SUS316L stainless steel at its passive potential in pH 2 H 2 SO 4 solution containing 500 ppm NaF. Addition of chromium and molybdenum seems effective to improve corrosion resistance in fluoride ions containing solutions.
Since the acidic environments and temperature used in these experiments are similar to those existing in fuel cells and the Ni 60 Nb 20Àx Ta x Ti 15 Zr 5 alloys show very high corrosion resistance under these conditions, they can be potential candidates for their use on commercial level to substitute for conventional graphite bipolar plates. thus improvement in corrosion resistance. The alloys maintain their high corrosion resistance even after the addition of 500 ppm NaCl in the solution. (3) The corrosion resistance of 0 at% Ta and 5 at% Ta alloys is low when the solution contains fluoride ions. The passive current densities decrease by about two orders of magnitude with the addition of 15-20 at% Ta to the Ni-Nb-Ti-Zr glassy alloy, indicating the addition of tantalum to the alloy for replacing a portion of niobium is more effective for improving the corrosion resistance in fluoride containing solutions.
Conclusions

